Alzheimer's Disease (AD) is a neurodegenerative disorder that mainly affects grey matter (GM). Nevertheless, a number of investigations have documented white matter (WM) pathology associated with AD. The corpus callosum (CC) is the largest WM fiber bundle in the human brain. It has been shown to be susceptible to atrophy in AD mainly as a correlate of Wallerian degeneration of commissural nerve fibers of the neocortex. The aim of this study was to investigate which callosal regions are affected and whether callosal degeneration is associated with the stage of the disease. For this purpose, we analyzed highresolution MRI data of patients with amnesic mild cognitive impairment (MCI) (n = 20), mild AD (n = 20), severe AD (n = 10), and of healthy controls (n = 20). Callosal morphology was investigated applying two different structural techniques: mesh-based geometrical modeling methods and whole-brain voxel-based analyses. Our findings indicate significant reductions in severe AD patients compared to healthy controls in anterior (genu and anterior body) and posterior (splenium) sections. In contrast, differences between healthy controls and mild AD patients or amnesic MCI patients were less pronounced and did not survive corrections for multiple comparisons. When correlating anterior and posterior WM density of the CC with GM density of the cortex in the severe AD group, we detected significant positive relationships between posterior sections of the CC and the cortex. We conclude that callosal atrophy is present predominantly in the latest stage of AD, where two mechanisms might contribute to WM alterations in severe AD: the Wallerian degeneration in posterior subregions and the myelin breakdown process in anterior subregions. © 2009 Elsevier Inc. All rights reserved.
Introduction
Although Alzheimer's disease (AD) is generally considered to affect grey matter (GM), a number of investigations have also documented a general white matter (WM) pathology associated with AD (Brun and Englund, 1986; Scheltens et al., 1995; Smith et al., 2000; Bronge et al., 2002; Hua et al., 2008a,b) . Several analyses suggest the corpus callosum (CC) to be particularly susceptible to atrophy in AD (Lyoo et al., 1997; Thompson et al., 1998; Hampel et al., 1998; 2002; Teipel et al., 1998 Teipel et al., , 1999 Teipel et al., , 2002 Teipel et al., , 2003 Yamauchi et al., 2000; Thomann et al., 2006; Tomaiuolo et al., 2007; Chaim et al., 2007) . However, findings lack consistency across studies, where reductions in AD subjects were detected across the whole CC (total callosal area), but also in specific subsections, such as the rostrum, genu, anterior body, isthmus and splenium of the CC (Kaufer et al., 1997; Lyoo et al., 1997; Thompson et al., 1998; Hampel et al., 1998 , 2002 Hanyu et al., 1999; Pantel et al., 1999; Yamauchi et al., 2000; Black et al., 2000; Wiltshire et al., 2005; Thomann et al., 2006; Tomaiuolo et al., 2007; Li et al., 2008; Hallam et al., 2008) .
Of note, the vast majority of these studies was based on rather heterogeneous patient groups, including AD patients in different disease stages, ranging from mild to severe dementia (hereafter called mixed AD group). The few studies that investigated more homogeneous patient groups (e.g., subjects affected by either mild or moderate AD) revealed controversial results. For example, regionof-interest (ROI) studies investigating mild AD indicated atrophy in posterior callosal subregions (isthmus and splenium) (Lyoo et al., 1997 , Teipel et al., 2003 , or no differences between patient and control groups (Hensel et al., 2002 (Hensel et al., , 2004 (Hensel et al., , 2005 . To our knowledge, there is only one ROI study which included a homogeneous group of moderate AD patients (Ortiz Alonso et al., 2000) . This analysis revealed a volume reduction of the anterior body, mid body and isthmus in AD compared to healthy controls. Likewise, diverse results are reported in ROI studies of the CC in subjects with mild cognitive impairment (MCI), who have a higher risk of developing dementia. detected atrophy in posterior subregions, (isthmus and splenium). Yet, another research group (Wang and Su (2006) ) found no callosal changes when patients with amnesic MCI were compared with healthy controls. Hallam et al., (2008) did not detect any differences between a group of patients with a cognitive profile similar to multi-domain MCI (mild ambiguous group) and healthy controls. Finally, Thomann et al., (2006) reported a reduction in an anterior subregion of the CC in a group of MCI patients amnesic and multi-domain amnesic when using the ROI approach, but no callosal abnormalities when using a whole-brain approach (i.e., voxel-based morphometry [VBM] ). Outcomes from other VBM studies also lack consistency. For example, while earlier work on WM in moderate AD revealed a diffuse atrophy within the CC (Good et al., 2002) , later work on a mixed AD group reported a loss of callosal volume in anterior portions of the CC (Thomann et al., 2006) , in nearly all regions of the CC (Chaim et al., 2007) , or in posterior regions of the CC (Li et al., 2008) .
Taken together, findings appear to indicate significant volume/ area reductions in AD subjects, although there seems to be a lack of consistency with respect to the affected callosal segment. Findings are similarly inconsistent with respect to when callosal atrophy occurs in AD (i.e., in mild, moderate, or severe stages) and whether the degeneration is already detectable in the pre-clinical stage of AD, such as in patients with amnesic MCI (Petersen et al., 1999 (Petersen et al., , 2001 Petersen, 2004) . To further investigate the issue of CC atrophy in patients with MCI, mild AD and severe AD, we used two completely different and well-validated structural analysis techniques; (i) VBM to compare WM density along midline as well as a (ii) computational mesh-based method to map callosal thickness with high spatial resolution. Of note, we chose the latter mentioned callosal thickness approach instead of a traditional ROI approach (as applied in previous AD studies) given that traditionally parcellating the CC into pre-defined regions may lead to misleading results . However, the present study differs from previously published studies in this field not only with respect to the methods applied, but also with respect to the clinical features of the patients group. That is, we separated severe AD from mild AD patients, and also considered amnesic single domain MCI by selecting these patients from the overall group of MCI patients.
Methods

Subjects
The study group consisted of individuals with a diagnosis of amnesic MCI (single and multiple domain) (n = 20), patients with a diagnosis of probable AD of mild degree (n = 20) and of probable AD of severe degree (n = 10), as well as 20 healthy controls (sociodemographic and clinical characteristics are reported in Supplemental Table 1 ). The four groups of participants did not differ significantly with respect to gender or age but, as expected, mild and severe AD patients had a significantly lower educational level than control participants. Consent was obtained according to the Declaration of Helsinki, and the study was approved by the Santa Lucia Foundation Research Ethics Committee. All participants (or their proxies) provided written informed consent.
Specific inclusion and exclusion criteria for amnesic MCI, AD and controls
Specific inclusion criteria for amnesic MCI were: (1) diagnostic evidence of amnesic MCI consistent with the guidelines of Petersen et al. (1999) : (i) complaint of defective memory, (ii) normal activities of daily living, (iii) normal general cognitive functioning, (iv) abnormal memory functioning for age, and (v) absence of dementia; and (2) a Mini Mental State Examination (MMSE) (Folstein et al., 1975 ) score higher than 24. Specific inclusion criteria for mild and severe AD were:
(1) diagnostic evidence of probable AD consistent with the NINCDS-ADRDA criteria (McKhann et al., 1984) ; and (2) an MMSE score higher than 18 for mild AD and lower than 15 for severe AD.
A specific exclusion criterion for AD was the lack of a "reliable" caregiver, defined as someone able to ensure the patient's compliance with assessment procedures and to contact the patient at least twice a week, with one contact being a personal visit. The amnesic MCI and AD patients were recruited from three outpatient clinics in Central Italy. In particular, the amnesic MCI and mild AD patients were at the onset of cognitive impairment and had undergone their first clinical examination for the diagnosis of amnesic MCI or AD, respectively. A specific inclusion criterion for healthy controls was that all their neuropsychological scores had to be above the healthy normative ageand educational-corrected specific test score (Carlesimo et al., 1996) . Volunteers included in the control group were recruited from the general population of the same geographical region as the patients.
Common inclusion and exclusion criteria for amnesic MCI, AD and controls
Common inclusion criteria for amnesic MCI, mild and severe AD, as well as for healthy controls were: (1) sufficient vision and hearing to comply with testing procedures and (2) laboratory values within the appropriate reference intervals or considered to be clinically insignificant by the investigators (i.e., liver function tests (ALT or AST) not higher than 3 times the upper normal limit; creatinine concentrations lower than 150 mg/dl; B12 or folate range as evidenced by blood concentrations within the normal limit of 211-911 pg/ml and 2-9 ng/ml respectively; TSH values within the normal range of 0.35-4.50 μUI/ml). Common exclusion criteria were: (1) major medical illnesses (e.g., diabetes, obstructive pulmonary disease, asthma, hematological/oncological disorders, vitamin B12 or folate deficiency, pernicious anemia, clinically significant and unstable active gastrointestinal, renal, hepatic, endocrine or cardiovascular system disease, newly treated hypothyroidism); (2) comorbidity of primary psychiatric or neurological disorders (e.g., schizophrenia, major depression, stroke, Parkinson disease, seizure disorder, head injury with loss of consciousness) and any other significant mental or neurological disorder; (3) known or suspected history of alcoholism or drug dependence and abuse during lifetime; (4) MRI evidence of focal parenchymal abnormalities of any size; and (5) MRI evidence of neoplasm.
Clinical and neuropsychological assessment
A trained clinical neurologist and neuropsychologist interviewed patients and caregivers using the NINCDS-ARDRA criteria (McKhann et al., 1984) for the diagnosis of AD and Petersen's criteria (Petersen et al., 1999) for the diagnosis of amnesic MCI. We used the neuropsychological battery described below to confirm the presence of the cognitive deficits required for the diagnosis of AD and amnesic MCI and to enroll control participants. To obtain a global index of cognitive impairment, we administered the MMSE (Folstein et al., 1975) , which is a neurocognitive screening test that measures orientation, language, verbal memory, attention, visuo-spatial function and mental control. It is composed of 16 items, with scores ranging from 30 (no impairment) to 0 (maximum impairment). The effect of the cognitive impairment on functional daily activities was rated using the Clinical Dementia Rating (CDR) Scale (Hughes et al., 1982) , which investigates several aspects such as memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care. The CDR was scored separately from the psychometric assessment. Based on CDR scores, participants were classified into three groups: 10 patients with severe AD (CDR = 3), 20 patients with mild AD (CDR = 1), 20 patients with amnesic MCI (CDR = 0.5) and 20 cognitively normal controls (CDR = 0).
To assess single cognitive domains, we administered the Mental Deterioration Battery (MDB) (Carlesimo et al., 1996) . The MDB is a standardized and validated neuropsychological battery, which consists of seven neuropsychological tests from which eight performance scores can be derived. Of the eight total scores, four pertain to the elaboration of verbal stimuli and four to visuo-spatial materials. The tests were selected to obtain information on the functionality of different cognitive domains: verbal memory (MDB Rey's 15-word Immediate Recall (RAVLTIR) and Delayed Recall (RAVLTDR)); shortterm visual memory (MDB Immediate Visual Memory (IVM)); logical reasoning (MDB Raven's Progressive Matrices'47 (PM47)); language (MDB Phonological Verbal Fluency (PVF)), and MDB Sentence Construction (SC)); simple constructional praxis (MDB Copying Drawings (CD), and MDB Copying Drawings with Landmarks (CDL). For further details see Supplemental Table 2 .
MRI data acquisition
All MRI data were acquired on a 3 T Allegra MR system (Siemens, Erlangen, Germany) using a birdcage head coil. The measurements were performed in a single session and consisted in the following pulse sequences: (a) PD and T2-weighted double turbo spin-echo ( ). The images were visually inspected by two experienced observers, a neuropsychologist expert in neuroimaging and a neuroradiologist. Both of them were blind to participants' identities. White matter lesions were considered present if they were hyperintense on both FLAIR and T2 weighted images. We included only subjects who, in the opinion of both observers, did not have any lesion. Thus, also one visible lesion of any dimension was considered as an exclusion criterion.
Callosal thickness analysis
Radiofrequency bias-field corrections were applied to all T1-weighted images to eliminate intensity drifts due to magnetic field inhomogeneities (Sled et al., 1998) . To obtain the most accurate possible measure of the midsagittal callosal area, each image volume was manually positioned along the anterior-posterior commissure (AC-PC) line and rotated so that the septum pellucidum and a large part of the falx would be visible in the sagittal plane.
Regional callosal thickness was estimated as detailed elsewhere (Luders et al., 2006; Luders et al., 2007) and as illustrated in Fig. 1 . One rater (M.D.P.) manually outlined upper (Top) and lower (Bottom) callosal boundaries in the midsagittal section of each brain. Callosal Top and Bottom sections were redigitized, resulting in 100 equidistant points. Subsequently, the spatial average of the 100 equidistant surface points representing the upper and lower boundaries was calculated resulting in a new midline segment (Medial Curve), also consisting of 100 equidistant points. Finally, the distances between 100 corresponding surface points between midline segment and upper and lower boundaries were quantified in millimeters.
Using independent sample Student's t-tests, we tested for group differences in point-wise distance measures and generated colorcoded statistical maps illustrating where patients with amnesic MCI, mild AD, and severe AD differed significantly from healthy controls. Permutation testing, with 10,000 permutations computed, was employed to control for multiple comparisons, testing for the proportion of the surface area of the CC with supra-threshold statistics when statistical maps were thresholded at p = 0.05.
VBM analysis
Images were processed and analyzed using VBM (Ashburner and Friston 2000; Good et al., 2001) in the framework of statistical parametric mapping (SPM5, Wellcome Department of Imaging Neuroscience, University College London, London, UK). First, all volumes were manually reoriented to approximate the orientation to the ICBM-152 default SPM5 template (Mazziotta et al., 2001 ) to improve image registration accuracy. Then, in the unified segmentation step (Ashburner and Friston 2005) images were normalized, applying both linear (12 parameter affine) and non-linear (warping) normalizations, segmented into GM and WM partitions, and into cerebrospinal fluid (CSF) and bias corrected within the same generative model. For each subject, normalized whole-brain and segmented WM images obtained from the automated VBM processing were then visually inspected and compared to the SPM5 template image to verify the efficacy of normalization. Finally, WM partitions (unmodulated data) were smoothed with a 12 mm Gaussian Kernel (FWHM).
Using the smoothed WM partitions, we performed independent sample Student's t-tests at each voxel to compare each patient group (i.e., amnesic MCI, mild AD, and severe AD) to healthy controls with respect to WM density. Statistical outcomes were corrected for multiple comparisons using a false discovery rate (FDR) at p b 0.05. Significant findings were mapped onto the ICBM-152 default SPM5 template and restricted to findings located on the CC using a predefined 3-dimensional volume of interest (VOI). This callosal VOI was drawn by one of the authors (M.D.P.) on three sequential coronal slices of the mean WM image (i.e., based on the averaged, normalized WM partitions of all patients and controls). Before this VOI was applied to the statistical maps it was smoothed with a 12 mm Gaussian kernel.
Results
Callosal thickness analysis
As shown in Fig. 1 (panel A) , when individuals with severe AD were compared to healthy controls we detected extended regions of significantly reduced callosal thickness across almost the entire callosal surface, with the most pronounced differences in the callosal splenium, anterior body and anterior third. When individuals with mild AD were compared to healthy controls (Panel B), we observed a significantly reduced callosal thickness within the callosal anterior third (spanning across the callosal anterior bend), as well as at the border between the anterior third and the anterior body. When individuals with amnesic MCI were compared to healthy controls (panel C), we revealed a significantly reduced callosal thickness in a region located within the callosal posterior body and also within the splenium near the callosal posterior end. When individuals with severe AD were compared to individuals with mild AD (panel D), we detected a significantly reduced callosal thickness across large callosal sections, with the most pronounced differences in the splenium. While the comparisons between severe AD subjects versus healthy controls (panel A) and severe AD versus mild AD subjects (panel D) were confirmed by permutation testing, group differences between mild AD (panel B) and amnesic MCI (panel C) subjects and healthy controls were not confirmed by permutation testing. Control subjects did not show any region where WM density was reduced when compared to any of the three patient groups (results not shown).
VBM analysis
As further demonstrated in Fig. 1 , when severe AD subjects were compared to control subjects (panel E), we detected significantly less WM density in the genu, anterior body and splenium of the CC (genu, Z = 4.21, FDR-corrected p = 0.001; anterior body, Z = 3.36, FDRcorrected p = 0.002; splenium, Z = 3.57, FDR-corrected p = 0.002). We also observed differences between mild AD and control subjects and between amnesic MCI and control subjects (panels F and G), however findings did not survive corrections for multiple comparisons (i.e., effects are presented uncorrected). Control subjects did not show any region where WM density was reduced when compared to any of the three patient groups (results not shown). When we compared mild AD with severe AD (panel H), statistically significant differences in the CC were found in the genu, anterior body and splenium (genu Z = 3.08, FDR-corrected p = 0.020; anterior body, Z = 2.62, FDR-corrected p = 0.036; splenium, Z = 2.76, FDR-corrected p = 0.029).
Supplemental analysis
In order to investigate if VBM and callosal thickness measurements were comparable, we performed a supplemental correlation analysis. For this purpose, we chose the outcomes from comparing the severe AD patients against the controls to determine the location of interest.
As demonstrated in Fig. 2 , both the callosal thickness and VBM approach revealed the most significant group differences in anterior and posterior callosal sections. In order to conduct the correlation analyses we calculated the average values within these anterior and posterior regions of interest. More specifically, with respect to callosal thickness and according to the callosal subdivision in 100 points, we extracted and averaged the values from point 1 to 35 (anterior section); and from point 75 to 90 (posterior section). With respect to VBM, we derived values of WM by centering a 4 mm sphere at the peak intensity in both the anterior and posterior CC (coordinates obtained from the VBM analysis, comparing severe AD versus controls). WM intensity values were extracted from each ROI and averaged across voxels, yielding a single value for each subject in the anterior and posterior CC. Then, we correlated the callosal thickness and WM values of the anterior and posterior CC (Pearson) using SPSS for Windows (release 11.0, SPSS Inc.). Interestingly, while we found a significant correlation between both morphometric measurements in the anterior CC (r = 0.819; p = 0.004, two tailed), no significant correlation was found in the posterior CC.
Correlational analysis between CC and GM
Based on our findings in the severe AD group, we set out to investigate whether the observed callosal reductions were possibly related to cortical atrophy, according to the Wallerian degeneration hypothesis. This hypothesis suggests that callosal atrophy in AD could be a consequence of the death of projecting pyramidal cells in layer III of the neocortex, and could reflect the pattern of cerebral cortex atrophy (Pantel et al., 1999; Hampel et al., 2002; Fellgiebel et al., 2004; Tomimoto et al., 2004) . Thus, we calculated the correlation between voxel-wise GM density across the whole brain and anterior and posterior WM density of the CC in the severe AD group. We entered the GM density maps and the anterior and posterior CC values (calculated as described above) in the design matrix followed by running a multiple regression analysis in SPM5 and applying FDR corrections at p = 0.05. We detected significant positive relationships between posterior sections of the CC and cortical GM density (i) in the temporal mesial cortex (parahippocampal gyrus bilaterally) and (ii) posterior cortices (temporo-parietal bilaterally and left occipital gyrus) (see Fig. 2 ). There were no significant correlations between GM density and callosal WM derived from anterior callosal sections (see Fig. 3 ).
Discussion
This study was designed to investigate when callosal abnormalities can be detected along the course of AD. For this purpose, we compared severe AD patients to healthy controls expecting that structural abnormalities would be very pronounced in this late stage of the disease. We also compared patients with mild AD and amnesic MCI (who are at higher risk of developing AD) against healthy controls, to determine whether these patient groups showed any early callosal markers of AD. Our findings indicate that callosal atrophy is both detectable and fairly generalized in severe AD, while callosal reductions in milder and pre-clinical stages of AD appear to be less pronounced (i.e., they were spatially more restricted and findings did not survive appropriate statistical corrections). Furthermore, when we compared individuals with mild AD versus severe AD, we revealed striking evidence that callosal atrophy appears to progress from the early stage to later stages of AD.
Region-specific callosal reductions
This study was also set out to determine which callosal sections are affected. Given that current findings in mild AD and MCI require validation in follow-up studies, we will abstain from discussing these regional effects extensively. However, we wish to point out that the lack of significant differences between mild AD/MCI patients and healthy controls are in accordance with some studies (Hensel et al., 2002 (Hensel et al., , 2004 (Hensel et al., , 2005 , but in conflict with others (Lyoo et al., 1997; Hampel et al., 2002; Teipel et al., 2003; Thomann et. al., 2006) . For possible explanations for discrepancies in findings see below.
Within the severe AD group we observed significant reductions in anterior (genu and anterior body) and posterior (splenium) sections with both the tecniques we used Callosal Thickness and VBM.
Our results are consistent with previously reported callosal aberrations in the splenium Teipel et al., 1998 Teipel et al., , 2003 Tomaiuolo et al., 2007; Chaim et al., 2007) and in anterior portions of the CC (Pantel et al., 1999; Thomann et al., 2006; Chaim et al., 2007) , as revealed by cross-sectional ROI and VBM studies of mixed AD. Moreover, the observed callosal effects in anterior and posterior sections are in good agreement with outcomes from previous studies where cortical regions were shown to be affected in AD (Braak and Braak, 1991) . For example, the callosal genu and anterior midbody are responsible for the inter-hemispheric connection of prefrontal association cortices (Aboitiz et al., 1992 (Aboitiz et al., , 1996 Zarei et al., 2006) , and prefrontal regions were suggested to be involved in the later stage of AD pathology evolution Braak, 1991, 1997; Thompson et al., 2003) . The prefrontal region of the human brain plays a role in monitoring information in working memory and in the active retrieval of information from posterior cortical association areas (Petrides, 1996) . Thus, the callosal reduction in anterior sections could account for general deficits in executive functions and attention in AD. Moreover, the splenium subserves twothirds of the higher-order processing areas of the lateral temporal lobes (i.e., temporal pole, superior and inferior temporal gyri) and of the parietal lobes, which, together with the mesial temporal structures (such as the hippocampus and the parahippocampal gyrus) (Schmahmann and Pandya, 2006) , are primarily involved in the cortical degeneration of AD Braak, 1991, 1997; Thompson et al., 2003) . Thus, the callosal reductions in posterior sections could interfere with the functioning of the posterior cortical memory networks that subserve the episodic memory operations impaired early on in AD patients (Galton et al., 2000) .
While the callosal thickness measure reflects the width of the CC, VBM provides information on the concentration of WM in the CC. We detected significant positive correlations between both techniques with respect to obtained measurements in anterior callosal sections. On the contrary, posterior callosal sections lacked this kind of congruence. We suggest that differences in cell packing density and/or axonal diameter size between the anterior and the posterior callosal subregions (Aboitiz et al., 1992 ) (see Fig. 2 ) may have contributed to the lack of correlation in the posterior callosal subregion. Discrepancies in findings also underline the importance of using multiple approaches in studying brain anatomy. Different techniques accounting for different aspects can give a clearer picture of existing differences in brain structure between groups. While manual segmentation has certain limitations (e.g., it is operatordependent, time consuming, and requires a priori definitions of regions of interest), it has been shown to remain the most accurate approach compared to automatic methods (Tisserand et al., 2002) .
Possible underlying mechanisms
The observed correlation between the WM density of the posterior CC and the GM density of temporo-parietal cerebral cortices appears to support the Wallerian degeneration hypothesis. That is, atrophy in posterior callosal regions might reflect the atrophy of the posterior cerebral cortex. However, the lack of significant correlations between WM density in anterior callosal sections and cortical GM indicates that Wallerian degeneration may not be the main mechanism for the observed reductions in anterior callosal sections. Instead, we suggest primary degeneration of WM to account for these anterior group effects. According to the myelin breakdown hypothesis (Bartzokis 2004) , late-myelinating fibers should be more susceptible to myelin breakdown. The fibers most susceptible to neurodegeneration are small-diameter cortico-cortical axons (Braak et al., 2000; Tang et al., 1997; Thal et al., 2002) . Interestingly, the anteriorly located genu of the CC constitutes a region where fibers myelinate late, while fibers of the posteriorly located splenium myelinate earlier (Aboitiz et al., 1992 (Aboitiz et al., , 1996 . As illustrated in Fig. 1 (left panel) the genu also contains the highest density of small-diameter fibers, while the splenium harbours small and mid-diameter fibers. Thus, both Wallerian degeneration (in posterior sections) and myelin breakdown (in anterior sections) are likely mechanisms responsible for the regionspecific disease effects detected in the present study. Nevertheless, given the rather small number of subjects in the current analysis, follow-up studies involving larger samples are necessary to lend further support to this hypothesis.
Discrepancies to previous findings
Differences between amnesic MCI/mild AD patients and healthy controls were mainly located in the genu, posterior body and splenium of CC (amnesic MCI versus controls) and in the genu and splenium of the CC (mild AD versus controls). Nevertheless these differences did not survive corrections for multiple comparisons and thus should be considered with caution. Discrepancies in findings between the current study and previous analyses might be attributable to a number of differences. For example, earlier studies relied on manually tracing the CC and segmenting it according to common parcellation schemes (i.e., according to Witelson (Witelson 1989; Lyoo et al., 1997) ; Weis (Weis et al., 1991; Hensel et al., 2002; Wang and Su, 2006) ; or Hampel , Teipel et al., 2003 . These callosal segmentation methods have generated some controversy regarding the assumed topography of callosal fiber (Hofer and Frahm, 2006) . Furthermore, we demonstrated that the pre-definition of callosal regions can lead to misleading results . To overcome these limits, in the present study we investigated callosal morphology without relying on traditional parcellation. In addition we applied an automated voxel-based technique (VBM), which entirely eliminates the manual tracing step. Nevertheless, the VBM technique has its own limitations. One of its major weaknesses (and a strength in some respects) pertains to the variety of options of how to implement VBM (Senjem et al., 2005; Keller et al., 2004) . For example, Senjem et al. (2005) found that changes in the image processing chain of VBM noticeably influence the results of inter-group morphometric comparisons; and that "optimized VBM" produces different outcomes from those obtained with "standard VBM". Other authors have pointed out the importance of spatial normalization, underlying how an imperfect spatial normalization may affect the validity of VBM results Ashburner and Friston 2000; Bookstein 2001; Salmond et al., 2002) . In the present study we used the unified segmentation approach (Ashburner and Friston 2005) implemented in SPM5. Here, estimating the model parameters involves alternating among classification, bias correction and registration steps. Importantly, the unified segmentation has been shown to provide reliable outcomes and thus avoids pitfalls associated with the simple serial applications of each component (i.e., classification, bias correction and registration steps) as in the "standard" and "optimized" VBM (Ashburner and Friston 2005) . Nevertheless, beside all these improvements, still VBM technique maybe not enough sensitivity in detecting early changes in pre-clinical and early stage of AD.
An other aspect that can explain discrepancies to previous findings is the difference in the criteria used to select patients might also account for the divergent results. For example, Yamauchi et al. (2000) studied AD with early onset, which has been shown to have a typical topographical pattern of brain atrophy different from the one that accompanies AD with late onset (Frisoni et al., 2007) , and thus also might have different effects on callosal atrophy. Importantly, the current sample included only AD patients with late onset, where all AD and MCI subjects were selected and defined using stringent criteria accepted by international consensus: the NINCDS-ADRDA criteria for AD patients (McKhann et al., 1984) and the Petersen guidelines for MCI patients (Petersen et al., 1999) .
When we ran our correlation analysis we found a positive correlation between the WM of posterior callosal sections and the posterior gray matter cortex, while significant correlations between the WM of anterior callosal sections and cortical gray matter were absent. Interestingly, Sydykova et al. (2007) conducted a diffusion tensor imaging (DTI) study on mild AD, and found that GM volume in the bilateral frontal and temporal lobes and right parietal and occipital cortices was correlated with the fractional anisotropy (FA) of the posterior CC (p b 0.001, uncorrected). In contrast, the GM volume in the prefrontal cortex and left parietal lobes was correlated with the FA values of the anterior CC in AD patients (p b 0.001, uncorrected). The lack of significant anterior correlations in our study and the discrepancies with the above mentioned DTI study might be attributable to differences in the sensitivity and nature of the measurement.
Recently, diffusion MRI methodologies, such as DTI have been shown to be sensitive in detecting callosal WM change at the microstuctural level, such as the degeneration of myelin and axons in the callosal WM (Hanyu et al., 1999; Su, 2006, Chua et al., 2008) . These microstructural changes might occur early in mild AD and amnesic MCI patients (Ukmar et al., 2008) or on cognitively normal subjects who have high risk of developing AD based on a family history of dementia and on Apolipoprotein E (APOE) allele possession (Smith et al., 2008) and cannot be observed macroscopically with the structural MRI technique (Neil et al., 2002; Sundgren et al., 2004; Sun et al., 2005) . Nevertheless, Stahl et al. (2007) , in contrast with the previously mentioned DTI studies, did not find any difference in apparent diffusion coefficient, FA and/or in radial anisotropy in the genu and splenium of CC in AD group and amnesic MCI when compared with healthy controls.
Of note, prior work has shown that anomalies of the CC may be associated with a variety of other commissure malformations such as abnormalities in the anterior and hippocampal commissure (Atlas et al., 1986; Barkovich, 1990 Barkovich, , 2002 Barkovich et al., 2001 ). However, this association is not certain, and callosal and hippocampal changes may constitute separate forms of cerebral malformation. Nevertheless, anatomical contiguity between the CC and the hippocampal commissure exists (Schamahmann and Pandya 2006) . Thus, future studies in AD and MCI patients may try to evaluate callosal and hippocampal alterations in combination.
Thus, future studies combining different MRI techniques (e.g., traditional structural MRI and DTI) are imperative both to further advance our understanding of callosal changes and related WM structures in early stages of AD/MCI, and to broaden our horizon with respect to the specificity of tissue pathology in AD, in general.
